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A two-stage photoelectro-Fenton reactor was built and employed to test its ability to remove colour
using Orange II as a model dye compound. A set of four critical operational variables was deﬁned for the
reactor under study. In order to quantify their signiﬁcance on colour removal, a 24 experimental factorial
design was used. From the resultant data, and from a variable interaction analysis, a model of the re-
actor's performance as well as a characteristic set of experimental conditions was obtained. From this
information, a triple interaction among current density, resin concentration and pH was statistically
signiﬁcant. Hydraulic retention time was not important. The best treatment among those studied was
obtained at pH 3, current density 23.9 mA cm2, and 3.7 g L1 of resin concentration, with 96% decol-
orization. The best results with decolorization higher than 86% were obtained at acidic or slightly acidic
pH, and higher levels of current density and resin concentration, or lower level of current density and
resin concentration.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
Water availability for human consumption is rapidly becoming a
major concern all around the world and therefore, there is an
increasing need to develop wastewater treatment technologies
capable of cleaning water and making it suitable for recycling.
Among the most challenging water pollutants, organic dyes stand
out due to their appearance and toxicity and therefore, fast and
efﬁcient contaminant oxidation processes are required. In this re-
gard, the so-called Advanced Oxidation Processes (AOPs) constitute
a good alternative for complicated aqueous efﬂuents and several
research groups around the world have been actively working and
publishing on the subject [1e3]. AOPs are characterized by the
generation and use of the hydroxyl radical species (HO); a chemical
that is capable of oxidizing a wide variety of organic pollutants at a
fast rate [4e7].
There are many alternatives to generate the HO radical species
and one of the most popular ones is the use of the Fenton reagent.z).
Institute of Environmental
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d/4.0/).
t al., Study of the inﬂuence of
totype using Orange II as aThis is an aqueous mixture of H2O2 and Fe2þ ions that, according to
Eq. (1), is capable of producing the hydroxyl radical species,
Fe2þ þ H2O2/Fe3þ þ HO
 þ OH (1)
The process however, requires maintaining a relatively constant
concentration of the components of the Fenton mixture, thus
rendering the process unsuitable for most practical applications
[8e10]. In order to overcome this problem, efforts have been
devoted to design processes that avoid the need to feed the treating
solution with expensive and difﬁcult to handle H2O2 solutions, and
to eliminate the need to separate and deal with the iron containing
efﬂuent once the polluted solution has been treated. Among these
approaches, the electro-Fenton technology stands out as one of the
most promising AOPs. In this process, while the H2O2 species is
electrochemically generated by the 2e reduction of oxygen in
solution as shown in Eq. (2),
O2 þ 2Hþ þ 2e/H2O2 (2)
Iron ions are incorporated into the system by means of an iron
loaded ion-exchange resin [11]. In order to increase the efﬁciency of
the process, UV light can also be employed to promote the re-and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
the operational parameters on the photoelectro-Fenton performance
model pollutant, Sustainable Environment Research (2016), http://
I. Robles et al. / Sustainable Environment Research xxx (2016) 1e82generation of ferrous ions by reduction of the ferric ionic species
(Eq. (3)) produced by the Fenton mixture reaction (Eq. (1)) [8,9,11].
FeðOHÞ2þ þ hv/Fe2þ þ HO (3)
Using these concepts, an industrial prototype with four iden-
tical photoelectro-Fenton reactors was constructed (Fig. 1a).
Considering only one of these reactors (Fig. 1b), H2O2 is electro-
chemically produced in a ﬁrst stage by reduction of dissolved
oxygen as shown in Eq. (2). By switching a valve, a subsequent
second stage takes place in which the H2O2 solution is passed
through a UV radiated iron containing column to promote the
generation of an oxidant dissolved species that is added to an
Orange-II dye aqueous solution. The oxidation power of the
aqueous solution prepared in the prototype was evaluated from
the decrease of the spectroscopic absorbance signal of the dye in
the aqueous mixture.
In order to optimize the prototype's performance, and since its
operation involves the occurrence and coupling of electro-,
photoelectro-chemical and chemical reactions that depend on the
operating values of a set of key parameters, a study aimed to
describe the relationship between these variables and the
consequent optimal operation conditions of the prototype was
carried out. For this purpose, an Orange II solution was used to
model the prototype performance. The results of this study will
not only deﬁne the operation of this reactor but also help un-
derstand the relative weight of the different parameters that
control a typical photoelectro-Fenton process, thus allowing
better judgement calls for the design and construction of AOP-
based reactors.2. Materials and methods
2.1. Chemicals
While Orange-II sodium salt (4-(2-Hydroxy-1-naphthylazo)
benzene sulfonic acid sodium salt, 98%) was obtained from Fluka-
Analytical with sodium- and ferrous-sulphate from J.T. Baker and
used without further puriﬁcation. Sulphuric acid (95% purity) on
the other hand, was obtained from Karal, Industrial grade Oxygen
gas was purchased from INFRA, carbon cloth was obtained from
Electro-Chem Inc., and the iron loaded ion exchange resin (Purolite
C-100) was obtained and prepared as previously reported [11]. All
the solutions employed in this work were prepared using type I
water (0.056 mS cm1), according to ASTM-D1193-99 [12].Fig. 1. (a) Industrial prototype for generation of the oxidant solution and (b) schematic desc
the oxidant rich aqueous solution.
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Solutions for this study consisted on 10 L of 0.05 M Na2SO4
aqueous electrolyte (pH 7, I¼ 0.15) taken to pH 3 or 5 with H2SO4 as
needed. Before introducing the solution in the reactor, oxygen
saturation conditions were achieved by bubbling oxygen gas for
20 min.
As shown in Fig. 1b, a ﬁrst stage of the process was used to
circulate the electrolytic solution for 3.5 h trough the electro-
chemical reactor to promote the reduction of O2 in a carbon cloth
electrode (57 cm2 perpendicular to ﬂow direction) to achieve
30 ± 2 ppm concentration of H2O2 (Eq. (2)) [6]. By switching a valve,
this solution is then pumped in a second stage (Fig. 1b) through a
UV irradiated (mercury lamp, P ¼ 75 mW cm2, l ¼ 365 nm, UVP
Inc.) column ﬁlled with an iron-loaded-resin to generate the
oxidant containing solution (Eqs. (1) and (3)). The oxidant con-
taining electrolyte was then poured in an Orange-II dye containing
solution, 50 mg L1 in a 1:1 or 1:2 volume relationships and the
absorbance of the resulting aqueous mixture (l ¼ 485 nm) was
measured after 2.5 and 24 h to assess the oxidation power of
electrolyte. Absorbance measurements were carried out using an
Ocean Optics DT-mini-2 spectrophotometer (Boston, USA) at room
temperature.
3. Results and discussion
3.1. Selection of the operational variables and their analysis
window
The ﬁrst step of this study consisted of identifying a set of
operational variables capable of deﬁning the performance of the
photoelectro-Fenton reactor under study. These operational vari-
ables were chosen as pH, current density (mA cm2), hydraulic
retention time (HRT, h) and the resin concentration (g L1), which
works as a ferrous ion source for the Fenton reaction, and those
variables were considered as the minimum set of quasi-
independent variables from which all the other operational vari-
ables and the reactor's performance could be deﬁned. In order to
identify the working window of these operational variables how-
ever, a series of exploratory tests were carried out to deﬁne the
ranges to be used in the design of experiments (DOE).
In this way, the energy required to promote hydrogen peroxide
production from oxygen reduction (Eq. (2)) was the ﬁrst and
most straightforward variable to be considered. In order to assess
the interfacial operating energy at the cathodic surface, Cyclicription of the system along with the two stage operation process for the production of
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in the presence of oxygen using the reactor chamber shown in Fig.1.
In these experiments, either O2 or N2 saturated solutions were
studied using a couple of parallel-arranged carbon cloths func-
tioning as working and counter electrodes, and a HgjHg2SO4
(MercuryjMercurous Sulphate Electrode, MSE) as a reference elec-
trode. As can be seen in Fig. 2a, comparison of the two resulting CV
signals shows that oxygen reduces at about 1 V vs MSE.
For industrial electrochemical reactors, however, potential
control is expensive and the current, closely related to the potential,
is usually the parameter that is controlled. In this way, ﬁxing the
current establishes an interfacial potential at the cathode surface
and therefore, experiments correlating different applied current
values with stable cathodic potentials were performed. The tests
carried out also reveal that the cathodic potential depends also on
the solution HRT that circulates trough the reactor's chamber. As
can be seen in Fig. 2b, the experimental surface that results from
experiments considering not only current densities but different
aqueous solution HRT as well shows that the region in which the
potential is appropriate to selectively reduce O2 to H2O2 (cathodic
potential between 0.9 and 1.2 V) corresponds to current values
in the 23.9e31.8 mA cm2 range coupled to HRT between 9  103
and 4.5  103 h (red zone in the response surface of Fig. 2b).
To deﬁne the iron-loaded resin concentration [8] needed to
effectively promote the generation of the oxidant species, decol-
orization tests of Orange-II (50 mg L1) using H2O2 (30 mg L1)
solutions and varying amounts of the iron resin concentration
(from 3.7 to 18.5 g L1) were carried out. From these experiments
it was found that while 3.7 g L1 of iron loaded resin concentra-
tion resulted in a 94% decolorization after 30 min; 7.4, 11.1 and
14.8 g L1 resulted in 95, 75 and 30% decolorization values in the
same experimental time, respectively. These results are consistent
with literature reports that show that Fe ions in excess actually
limit the decolorization efﬁciency of the process due to a cation
oxidant scavenger effect [13,14]. Based on these experiments, the
range for the resin concentration was chosen to be between 3.7
and 7.4 g L1.
pH on the other hand is a variable that is important to explore. It
is well known that the electro-Fenton reaction works well under
lightly acidic pH conditions (around 3) [8,9,15,16] not only becauseFig. 2. (a) Cyclic Voltammetry of an aqueous solution contained in the electrochemical reac
saturation conditions. Experiments carried out using carbon cloth, HgjHg2SO4 and Pt wire as
current-ﬂow rate response surface in the presence of oxygen for the reactor shown in Fig. 1.
Please cite this article in press as: Robles I, et al., Study of the inﬂuence of
of an industrial wastewater treatment prototype using Orange II as a
dx.doi.org/10.1016/j.serj.2016.08.004of iron ion solubility but also because, as shown in Eq. (1), protons
are required to produce H2O2 from oxygen reduction. Due to the
practical nature of this work however, and considering the costs
associated to acidiﬁcation and subsequent neutralization of the
efﬂuent to be treated, a pH range from 3 to 7 was selected being
aware that the reduction in acid/base costs at neutral pH values
would necessarily result in a reduction on the production and ef-
ﬁciency of the oxidant species.3.2. Experimental design
Therefore, the effects from pH, HRT (h), current density
(mA cm2) and resin concentration (g L1) on colour removal were
assessed using the completely randomized 24 factorial design
shown in Table 1; two values that deﬁned the experimental region
(low and high levels, represented as () and (þ), respectively) were
selected for each one of the four operational variables identiﬁed,
and a 24 factorial design, using four central points (denoted as (0)
and deﬁned as the middle value between the selected levels), was
established. In this way, while the low and high levels for each one
of the four variables were selected as 3 and 7 for pH, 4.5 103 and
9  103 h for HRT, 23.9 and 31.8 mA cm2 for current density and
3.7 and 7.4 g L1 for iron-loaded resin concentration, the four
middle point values for each one of the four variables were the
average between the high and low levels. To check for reproduc-
ibility, the 18 experiments resulting from this DOE (Table 1) were
carried out twice and in order to avoid any tendency in the results
related to an unwilling systematic error in the experimental order
imposed by the experimentalist [15,17e23], the experiments were
randomly performed.
The set of operational variables in any given experimental run of
Table 1 results in a performance measure of the reactor that is
directly related to the production of oxidant species, and assessed
in terms of the colour decrease (% Y) of an Orange-II dye aqueous
solution. As Eq. (4) shows, the response variable for the DOE is
expressed in terms of the decolorization efﬁciency (Eq. (4)),
%Y ¼ A0  Af
A0
 100 (4)tor shown in Fig. 1 in the absence (blue line) and in the presence (red line) of oxygen
work, reference and counter electrodes respectively. Scan rate 25 mV s1. (b) Potential-
The red square shows the region in which H2O2 generation through Eq. (1) is favoured.
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Table 1
Experimental design used, all the experiments were randomized and carried out twice.
Run pH Hydraulic retention time (103 h) Current density (mA cm2) Resin concentration (g L1)
1 3 9 23.9 3.7
2 7 9 23.9 3.7
3 3 4.5 23.9 3.7
4 7 4.5 23.9 3.7
5 3 9 31.8 3.7
6 7 9 31.8 3.7
7 3 4.5 31.8 3.7
8 7 4.5 31.8 3.7
9 3 9 23.9 7.4
10 7 9 23.9 7.4
11 3 4.5 23.9 7.4
12 7 4.5 23.9 7.4
13 3 9 31.8 7.4
14 7 9 31.8 7.4
15 3 4.5 31.8 7.4
16 7 4.5 31.8 7.4
17 (0) 5 6 27.9 5.5
18 (0) 5 6 27.9 5.5
I. Robles et al. / Sustainable Environment Research xxx (2016) 1e84where A0 and Af, represent the absorbance of the original and the
treated dye solution, respectively. Since the absorbance percentage
decrease of the Orange-II species depends not only on the amount of
oxidant generated in the reactor but also on the time in which the
oxidant and the dye chemicals have reacted, measurements of (% Y)
were made for each experimental run shown in Table 1 after 2.5 and
24 h. These reaction time values were selected from experiments in
which it was observed that while at 2.5 h there were important
colour differences between each run and absorbance was still
changing, at 24 h the colour of the solutionswas stable and therefore
no further decolorization reactions were taking place after this time.
It is also important to note that control experiments in which no
current was applied to the reactor and therefore no oxidant species
were generated in the reactor, showed that colour changes in the
dye solution were, as expected, associated only to dilution effects.3.3. Experimental data and performance analysis of the reactor
under study
As described in the experimental design section, absorbance
decrease data were collected using 1:1 and 1:2 (volume) electro-
lyte: dye solution. While both electrolyte:dye dilution ratios
showed the expected proportional decolorization results, 1:1
dilution results showed higher deviation between replicates, and
thus 1:2 volume ratio results were used for analysis.Fig. 3. Decolorization efﬁciency results for 1:2 elec
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the different sets of operational variables using the 1:2 electro-
lyte:dye dilution ratio at two different sampling times. Inspection
of the resulting data shows that while at shorter reaction times
(2.5 h 103 h, Fig. 3a) there are smaller decolorization efﬁciencies
and more variation of the results of the different sets of variables
considered in the DOE, at longer times (24 103 h, Fig. 3b) most of
the experimental treatments presented a decolorization higher
than 75%, coupled with smaller variation of the results. Since the
idea was to compare the different treatments for the reactor under
study, it was considered that while the best treatments could be
identiﬁed using the data that contained more information about
the differences between the treatments shown in Table 1, i.e., at a
shorter reaction time, 2.5 h (see Fig. 3a), theworst treatments could
be identiﬁed under exhausted conditions in experiments carried
out considering 24 h reaction times (see Fig. 3b).
Using this consideration, inspection of Fig. 3a reveals that the
best treatments (best colour removal efﬁciencies (above 75%) at
2.5  103 h) correspond to runs 1, 13, 15, and 17, which are related
to 96, 80, 94 and 86% decolorization efﬁciencies, respectively. In
general terms, these high efﬁciencies are observed when pH values
are slightly acidic (5 or 3).
The worst treatments on the other hand, were identiﬁed from
the data in Fig. 3b in which decolorization efﬁciency below 75%
could be observed for treatments 2 and 8 (60 and 53% decoloriza-
tion efﬁciency, respectively). It is important to notice that thesetrolyte: dye ratio, after (a) 2.5 h, and (b) 24 h.
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Fig. 5. Experimental vs predicted results using Eq. (5).
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low resin concentration levels.
From the data in Fig. 3, the response surface graphs shown in
Fig. 4 were obtained. Fig. 4a and b shows the performance of the
decolorization efﬁciency as a function of current and the amount of
iron-loaded resin at the two different HRTs under acidic conditions,
Fig. 4c and d shows the corresponding behaviour under neutral
conditions. Inspection of Fig. 4a shows that when HRT is the highest
(9 103 h), the highest decolorization efﬁciency is obtained at low
current density and resin concentration values. In a symmetrical
way, Fig. 4b shows that when HRT is the lowest (4.5  103 h), the
decolorization efﬁciency is optimized when the current and the
concentration of iron-loaded resin are high. In this way, at low
current values, the best treatment is achieved when high HRTs are
employed so that enough time is available for oxygen molecules to
react at the electrode surface to achieve maximum H2O2 electro-
chemical synthesis. At lower HRT on the other hand, the electro-
chemical oxygen reduction reaction (Eq. (2)) is favoured when
larger current values are applied.
For the amount of iron-loaded resin, the same tendency of that
of current is observed. For instance, better decolorization perfor-
mances of the reactor are observed when larger resin quantities are
coupled with larger HRT or when lower amounts of resin are
employed under lower HRT conditions.
The HRT e current density-resin concentration relationships
observed and described are consistent with a process in which the
electrochemical reduction of oxygen to produce H2O2 is theFig. 4. Experimental surface responses of decolorization as a function of current density and
pH ¼ 3, HRT ¼ 4.5  103 h, (c) pH ¼ 7, HRT ¼ 9  103 h, and (d) pH ¼ 7, HRT ¼ 4.5  1
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electrochemical oxygen reduction stage can also be inferred from
comparison of the response surfaces of Fig. 5a and b, with those
shown in Fig. 5c and d with the same conditions of HRT, resin
concentration and current density under neutral pH conditions.
This comparison clearly shows, not only poor decolorization per-
formance of the reactor at high pH (always less than 30%) but also a
low inﬂuence of the interaction between the resin concentration,resin concentration at two pH and two HRT values. (a) pH ¼ 3, HRT ¼ 9  103 h, (b)
03 h.
the operational parameters on the photoelectro-Fenton performance
model pollutant, Sustainable Environment Research (2016), http://
I. Robles et al. / Sustainable Environment Research xxx (2016) 1e86current density and HRT; a fact that is fully consistent with a pH
dependent H2O2 generation step (Eq. (2)) that controls the overall
performance of the reactor.
In order to get a better data interpretation, a second-order
regression model was estimated using the statistical software JMP
7.0.2, SAS Institute [24]. The results of this analysis are shown in
Table 2 and from the resultant data, an equation that models dye
colour removal due to oxidant generation at the prototype could be
obtained (Eq. (5)).
discolorationð%Þ ¼ 140:18 13:12ðpHÞ
 10:65ðpH  5ÞðpH  5Þ
 28:01ð12:56Þðcurrent densityÞ
þ 12:85ð0:27Þðre sin concentrationÞ
þ 24:28ðð12:56Þðcurrent densityÞ
 0:35ÞðpH  5Þ  139:46ðð12:56Þ
 ðcurrent densityÞ  0:35ÞðpH  5Þðð0:27Þ
 ðre sin concentrationÞ  1:5Þ
(5)
As can be seen in the predicted vs experimental data shown in
Fig. 5 for all the experiments carried out, Eq. (5) is characterized by
a relative low value of R2ﬁt ¼ 0.81 which renders the ﬁtted rela-
tionship as a non-predictive semi-empirical correlation that can
not be used to accurately predict the decolorization decrease for a
given set of operational variables.
As can be seen in Fig. 5 however, the correlation is useful to
roughly identify operational variable combinations that can be
predicted to perform better than others and to assess to some
extent the tendency of reactor performance if any given variable is
changed within thewindow considered for this study. In fact and as
can be seen in Fig. 5 and Table 3, the experimental and predicted
data point out the same best and worst treatment combinations ofTable 2
Estimated parameters of the regression model.
Term E
Intercept 1
pH 
HRT (Hydraulic Retention Time) 
(pH-5)*(HRT-0.75) 0
Current Density 
(pH-5)*(Current Density-0.35) 2
(HRT-0.75)*(Current Density 0.35) 2
(pH-5)*(HRT-0.75)*(Current Density 0.35) 
Resin Concentration 1
(pH-5)*(Resin Concentration 1.5) 
(HRT-0.75)*(Resin Concentration 1.5) 3
(pH-5)*(HRT-0.75)*(Resin Concentration 1.5) 
(Current Density 0.35)*(Resin Concentration 1.5) 3
(pH-5)*(Current Density 0.35)*(Resin Concentration 1.5) 
(HRT-0.75)*(Current Density 0.35)*(Resin Concentration 1.5) 
(pH-5)*(HRT-0.75)*(Current Density 0.35)*(Resin Concentration 1.5) 4
Table 3
Comparison of obtained and calculated efﬁciency (Y), for the most and least efﬁcient tes
Test pH Hydraulic retention time (103 h) Current density (mA c
1 3 9 23.9
13 3 9 31.8
15 3 4.5 31.8
17 5 6 27.9
2 7 9 23.9
8 7 4.5 31.8
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The statistically signiﬁcant effects in this model (Eq. (5)) are pH,
resin concentration, the double interaction of resin concentration-
current density and the triple interaction among pH, current den-
sity and resin concentration. The only effect to be interpreted is this
triple interaction because pH, resin concentration and current
density are their parenteral effects [23e29].
Variable interaction analysis makes possible to show synergies
or antagonisms among variables. As can be seen from the data
presented in Table 2, the interactions for which the Prob > ltl being
0.05 or less, are those corresponding to pH, resin concentration and
the pH-current density-resin concentration interaction parameters.
It is interesting to note that the HRT does not seem to play a
crucial role in the interactions directly related to the decolorization
efﬁciency measured in the experiments shown in Table 1. Consis-
tent with the data analysis presented in the previous section, the
HRT does not appear in the interaction results of Table 2 since its
inﬂuence is eliminated with the combination of pH, current density
and resin concentration that maximizes the electrochemical-
chemical generation of the oxidant species under acidic condi-
tions when either low HRT, low current density or low resin con-
centration is used or when high HRTs are associated with high
values of current density and resin concentration.
When HRT is eliminated from the description of the reactor's
behaviour either by the analysis of the experimental data or by
inspection of the variable interaction analysis results of Table 2, it is
possible to use Eq. (5) to generate the surface response curves
presented in Fig. 6. Although these curves cannot reﬂect the precise
reactor performance under any given set of operational variable
conditions, they can give a good idea of the tendency and inﬂuence
of the working variables. In this way, and consistent with the
experimental results previously discussed, inspection of Fig. 6 re-
veals that at low pH values (Fig. 6a), the decolorization efﬁciency is
high at low applied currents and independent on the resin con-
centration employed. At high values of applied current on the otherstimated Standard error T ratio Prob > jtj
14.06 27.28 4.18 0.0005
13.12 1.58 8.28 <0.0001*
16.95 12.67 1.34 0.20
.15 6.34 0.02 0.98
28.01 63.36 0.44 0.66
4.28 31.68 0.77 0.45
08.13 253.45 0.82 0.42
113.44 126.72 0.90 0.39
2.85 6.34 2.03 0.06*
2.40 3.17 0.76 0.46
1.02 25.35 1.22 0.24
6.07 12.67 0.48 0.64
96.94 126.73 3.13 0.01*
139.46 63.36 2.20 0.04*
119.95 506.90 0.24 0.82
2.43 253.45 0.17 0.87
ts 1, 13, 15, 17, 2 and 8.
m2) Resin concentration (g L1) Yexperimental (%) Ycalculated (%)
3.7 96 72
7.4 84 77
7.4 94 77
5.5 86 84
3.7 20 1
3.7 3 17
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Fig. 6. Surface response curves predicted with Eq. (5), at different pH conditions, (a)
pH ¼ 3, (b) pH ¼ 5, (c) pH ¼ 7.
I. Robles et al. / Sustainable Environment Research xxx (2016) 1e8 7hand, decolorization efﬁciencies are more sensitive to the amount
of resin concentration employed and in fact the amount of resin is
proportional to the decolorization efﬁciency. These tendencies are
consistent with processes in which at low pH, H2O2 production is
optimized at low current density (no inﬂuence of resin concen-
tration) and at high current density the amount of H2O2 is smaller
and the resin controls the amount of oxidant generated. As can be
seen in Fig. 6b decolorization efﬁciencies are substantially lower
than those observed at pH 7, using any combination of variables. In
this case, the scarcity of protons to electrochemically produce H2O2
(see Eq. (2)), coupled to the formation of hydrated hydroxide spe-
cies of iron in the resin chamber, prevents the formation the
oxidant species responsible for the decolorization of the dye solu-
tion. Fig. 6c, on the other hand, shows the predicted behaviour of
the performance of the electrochemical reactor at pH 5. It is
interesting to note from comparison with Fig. 6a and b that as ex-
pected, the behaviour suggests an intermediate performance be-
tween that observed under acidic and neutral conditions. In this
case, while the best performance is observed when larger resinPlease cite this article in press as: Robles I, et al., Study of the inﬂuence of
of an industrial wastewater treatment prototype using Orange II as a
dx.doi.org/10.1016/j.serj.2016.08.004concentration is employed, it can also be seen that better results are
expected at low applied current values.
4. Conclusions
A two-stage photoelectro-Fenton Prototype for industrial
wastewater treatment was constructed and a critical set of opera-
tion variables was identiﬁed in order to deﬁne theworkingwindow
for each variable. Using a DOE approach, it was possible to obtain a
modelling equation for the oxidant production process and to
obtain experimental and predicted surface response curves that
describe the reactor's performance. Analysis of this information
reveals that as expected, the electrochemical production of H2O2
and OH radicals in the electrochemical-chemical processes controls
the oxidation power of the resulting solution. The studies also
reveal that while the pH-current-resin interaction shows high in-
ﬂuence in the response variable, the HRT does not have a sub-
stantial inﬂuence in decolorization efﬁciency. The consistency for
electrochemical production of hydrogen peroxide using all high or
all low values of current density, resin concentration and HRT
seems to eliminate the in inﬂuence of the altering variable in the
variable interaction analysis. Consistent with literature reports, pH
3 condition is more favourable for the processes than neutral
conditions. In this regard, our experimental and predicted data
reveal that under certain conditions pH 5 also constitutes a fairly
good acidity level that reduces the cost of acidiﬁcation/neutraliza-
tion of the processes. For complex photoelectro-Fenton systems for
industrial wastewater treatment, operational variable optimization
is a challenge that can be approximated using the experimental
design approach. Although its results are not predictive, the anal-
ysis can provide valuable criteria for the optimization of the
working conditions of the reactor's operational variables.
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